The purpose of this study was to examine the relationship between 2005-2006 National Health and Nutrition Examination Survey (NHANES) accelerometer-determined steps/day and activity counts/day, and between steps/day and estimates of nonwear time (as an indicator of the unmonitored day) and time spent in sedentary behaviors as well as a range of physical activity intensities. Methods: Linear regression models were used to characterize the relationship between steps/day, activity counts/day, estimates of wear time, and intensity categories. Results: 1781 males (mean age = 46.5 years) and 1963 females (mean age = 47.7 years) wore accelerometers 14.0 ± SEM0.06 hours/day. The relationship between steps/day and activity counts/day was positive and strong (R 2 = .87). The relationship between steps/day and time spent in sedentary behaviors was inverse and moderate (R 2 = .25). Stronger and positive relationships were apparent between steps/day and time in light (R 2 = .69) and moderate (R 2 = .63) intensity activities. There was no discernable relationship between steps/day and time spent in low or vigorous intensity activities or with wear time. Conclusions: Assessed by accelerometer, steps/day explains 87% of the variation in activity counts/day, 25% of the variation in time in sedentary behaviors, 69% of time in light intensity, and 63% of time in moderate intensity.
The National Health and Nutrition Examination Survey (NHANES) has recently incorporated the use of accelerometers to objectively encapsulate free-living physical activity behaviors, making it the largest and only nationally representative survey in the United States to date to adopt a measure of objective physical activity. The accelerometer used (ActiGraph AM-7164) is robust in its data offerings; raw outputs of minute-by-minute steps (capturing the occurrence of movement) and activity counts (capturing acceleration of movement in addition to its occurrence) can be manipulated to derive physical activity volume (over the course of the day or within time-defined segments) and/or time-stamped duration spent in different intensities of activity (including sedentary time). In fact, previous studies have examined [2003] [2004] NHANES physical activity data focused on intensity bouts and their duration in relation to achieving minimal public health guidelines 1 and time in sedentary pursuits. 2 The 2005-2006 NHANES released, for the first time, accelerometer-defined step data in addition to activity counts. Most researchers have focused on activity counts and derivations of time in intensity and less is subsequently known about the relationship that steps/day has with other ActiGraph outputs. Elucidation of the number of daily steps people take is becoming more acceptable to researchers and practitioners alike as a simple indicator of habitual physical activity volume. 3, 4 For example, steps/day echelons have been established 5 and reinforced 6 to categorize people along a physical inactivity/activity continuum of sedentary to highly active. Examination of concurrently monitored time in intensity and steps/ day will help us to better compare studies that have used either measurement exclusively.
The ability of the ActiGraph accelerometer to simultaneously detect both steps and intensity data in a minute-by-minute format facilitates better understanding of relationships between these distinct outputs and their unique constellation forming a physical activity profile of U.S. adults. Thus, the purpose of this study is to examine the relationship between 1) accelerometer-determined steps/day and activity counts, and between steps/day and estimates of nonwear time (as a indicator of the unmonitored day) and time spent in sedentary behaviors as well as a range of physical activity intensities; and 2) accelerometer-defined time segments spent in the various intensities of physical activity and inactivity classified according to step-defined levels of daily physical activity.
Methods NHANES 2005-2006
NHANES began in the early 1960s as a series of health surveys that became continuous in its implementation since 1999. A nationally representative sample of approximately 5000 people is surveyed each year, using a combination of interviews and physical examinations. The physical activity monitor (PAM) component focused on objective monitoring in participants ≥6 years of age was added to NHANES in 2003, and 2005-2006 marks the first release of accelerometer-determined step data in addition to the more common output of time-stamped activity counts/minute (from which analysts derive activity intensity and its duration). Following a household interview, participants were invited to a mobile examination center (MEC) to receive a health examination. Participants who had no walking impairments (or other limitations that prevented wearing an accelerometer) were invited to wear the accelerometer and were instructed in its standard use. The device was worn on the right hip using an elasticized belt and was programmed to record information each minute for 7 days. Participants were instructed to remove the accelerometer at the end of each day and also during any water activities (eg, swimming, showering, and bathing). Accelerometers were sent back by prepaid mail and a $40 remuneration was issued upon their return. 
Data Treatment
This analysis is limited to those participants ≥ 20 years of age with NHANES-designated reliable data. Daily time worn (hours and minutes) was computed using a SAS macro provided by the National Cancer Institute (NCI) at http://riskfactor.cancer.gov/tools/nhanes_pam. In concert with other analyses, a valid day was defined as having ≥ 10 hours of wear. 1,2 Troiano et al 1 required minimally 4 valid days of wear in their focus on attainment of physical activity guidelines. Matthews et al 2 included even those with at least 1 valid day of wear in their analysis of time spent in sedentary behaviors, arguing that even a single day of wear is legitimate in terms of computing acceptable population estimates. Before accepting either criteria, we examined the data. Figure 1 shows no difference in mean time spent in moderate or vigorous intensities by the total number of days that participants wore the accelerometer. There were only modest increases in low and light intensities with increased numbers of days worn. The most apparent biases were for sedentary behaviors and nonwear time; as the total number of days monitored increased, time in sedentary behaviors increased and nonwear time decreased. This may be explainable in part, however, by that fact that older adults (ie, over 60 years) have better compliance (in terms of day worn) than younger people. 1 However, although it is tempting to remove the data of those individuals who wore the accelerometer for fewer days, citing a lack of compliance to protocol, it appears that "lost" monitored behaviors are likely to be mostly sedentary and to a lesser extent low or light in intensity. Further, more young people would be eliminated from the analysis if a higher number of days worn is strictly applied. 1 Ultimately, this analysis is based on 3,744 (86%) of the eligible sample of 4,372 adults. 356 were excluded based on NHANES reliability flags; 272 were excluded because they did not meet the threshold condition of at least 1 day with the minimum of 10 hours of wear time.
Each day contributes 1440 minutes of data for each individual and the activity counts accumulated over the course of the day were summed (and averaged over the number of days worn) to establish a physical activity volume indicator of activity counts/day. Each minute in the day was classified by intensity using activity counts/ minute cutpoints previously used to analyze NHANES data. 1 Although other cutpoints exist, we felt strongly that we wanted to build on the previous analyses, especially since the focus on this article is not to debate intensity cutpoints. Specifically, 2020 activity counts/minute denoted the floor value for moderate intensity (equivalent to 3 metabolic equivalents or METs) and 5999 activity counts/ minute designated the threshold for vigorous intensity (equivalent to 6 METs). 1 We adopted the Matthews et al 2 cutpoint of <100 activity counts/minute to classify time spent in sedentary behaviors (after removing nonwear time). Nonwear time was calculated as the difference between 1440 minutes and wear time, and reasonably includes time spent sleeping. Finally, we sliced the lower intensity categories further (ie, <2020 activity counts/ minute) into low (100-499 activity counts/minute) and light (500-2019 activity counts/minute) intensities in agreement with earlier analyses. 7 Minutes in each intensity category were summed over the 1440 minute day. Daily records of time were then summed within intensity categories and divided by the number of days worn to determine average time spent in nonwear, and sedentary, low, light, moderate, and vigorous intensities.
Step data were recorded concurrently minute-byminute and these were also summed over the day and averaged over the number of days (as another physical activity volume indicator) worn after censoring out those steps taken at an intensity < 500 activity counts/ minute (equivalent to low and sedentary intensities). The ActiGraph is known to be more sensitive to low force movements than accepted research quality pedometers (eg, the Yamax pedometer, considered a "criterion" pedometer, and others with comparable performance 8 ), leading to relatively higher step estimates. 7, 9, 10 We therefore censored all steps detected below 500 activity counts/minute, 11 a level that is approximately equal to walking at 2.7 km/hour or 1.7 miles/hour. 12 The types of activities that fall below this cutpoint include cooking, ironing, washing dishes, grocery shopping, laundry, and light cleaning. 13 Accordingly, the adjusted accelerometer data indicated that U.S. adults take approximately 6500 steps/day, more in keeping with current understanding of pedometer-determined data collected in similar samples.
Alternative cutpoints were considered (eg, 100 and 2020 activity counts/minute) at that time but these were ruled out because their effect was either negligible or exaggerated. 14 Before implementing the censoring process again herein, we considered additional alternative cutpoints, namely 400, 450, 550, and 600 activity counts/ minute, candidates more closely clustered around the original cutpoint. In terms of a sensitivity analysis, Table  1 displays the alternative censoring cutpoints (along with the uncensored values, also previously reported 11 ) and the resulting mean steps/day and their 95% CI. Interpreting overlapping CIs, there was no significant difference in mean steps/day (ie, maximum Δ = ~300 steps/day) when employing 450 or 550 compared with 500 activity counts/ minute cutpoints. Significant differences were only observable when 400 or 600 were used compared with 500 activity counts/minute (maximum Δ = ~600 steps/ day). Finally, we determined R 2 values between steps taken below 500 activity counts/minute and BMI and age separately to explore possible confounding relationships; perhaps heavier or older people took more of these types of steps. Although the relationship with BMI was significant (P = .001), the relationship with age was not (P = .999) and both R 2 values were <0.001 indicating that the variability of steps taken below 500 counts/minute was not explainable by either BMI or age. We proceeded with the remainder of the analysis confident again in our choice of censoring cutpoint. To emphasize, this process only attenuated the steps data in an effort to more closely approximate step outputs from accepted research quality pedometers. 7 Time in intensity derived from the activity count data were unaffected.
Analysis
All analyses were performed employing procedures for sample survey data that are readily available in the SAS © System for Windows Version 9.1 (SAS Institute, Cary, NC, 2004). All analyses included sample weights to account for oversampling and nonresponse to provide nationally representative results.
We computed R 2 values from linear regression models to characterize the relationship between steps/day activity and counts/day and steps/day and estimates of wear time and time spent in sedentary behaviors as well as a range of physical activity intensities. We examined evident relationships stratified by sex, age group (20-39, 40-60, 60+ years), and race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Other). We further linked time in intensity with the step data to portray the timesegmented day stratified by established pedometerdetermined physical activity cutpoints for healthy adults: 5 1) <5000 steps/day (sedentary); 2) 5000 to 7499 steps/ day (low active); 3) 7500 to 9999 steps/day (somewhat active); 4) 10,000 to 12,499 steps/day (active); and 5) ≥12,500 steps/day (highly active). These categories were reinforced in 2008 6 and reflect the use of research quality pedometers, again underscoring the need to align the accelerometer-determined steps data accordingly. For this analysis we cut the original pedometer-defined sedentary level into <2500 steps/day (basally active) and 2500 to 4999 steps/day (limited activity). This approach was also necessary to keep the pedometer-defined sedentary volume level (which includes basal and limited physical activity levels) clearly separated from the accelerometerdefined sedentary intensity level (ie, <100 activity counts/ minute). Means and 95% confidence intervals (CI) for time in each intensity category were computed for each of the step-defined activity levels.
Results
The analysis sample includes 1781 males (mean age = 46.5 years, 72.5% Non-Hispanic White, 8.9% Mexican American, 3.0% Other Hispanic, 10.8% Non-Hispanic Black, 4.9% Other) and 1963 females (mean age =47.7 years, 71.6% Non-Hispanic White, 7.2% Mexican American, 3.6% Other Hispanic, 11.9% Non-Hispanic Black, 5.7% Other) ranging in age from 20 to 85 years (those older than 85 were top-coded as 85). Average wear time was 14.0 ± SEM 0.06 hours. Table 2 shows the time spent in nonwear, sedentary, low intensity and increasing intensities of physical activity for the total sample. Less than 1% of individuals did not engage in any moderate intensity activity and 69.5% did not engage in any vigorous intensity activity. Across the sample, and based on a 1440 minute day, 41% is nonwear, 33% is sedentary, 14% is low intensity, 10% is light intensity, 2% is moderate intensity, and <1% is vigorous intensity.
R 2 values for the total sample and stratified by sex, age group, and race/ethnicity are assembled in Table 3 for the relationship between steps/day (both uncensored and censored) and activity counts/day, and between steps/ day (again, both uncensored and censored) and time spent in nonwear, sedentary behaviors, and the various physical activity intensities. The relationship between censored steps/day and activity counts was stronger than that between uncensored steps and activity counts. The relationship between steps/day (both uncensored and censored) and time spent in sedentary behaviors was inverse (discerned from scatterplots, not shown) and moderate. Stronger and positive relationships were apparent between steps/day and time in light (similar for uncensored and censored) and moderate (stronger for censored than uncensored) intensities. There was no discernable relationship between steps/day and time spent in low or vigorous intensities or with wear time (truncated at a minimum of 10 hours in a valid day of wear).
Average time spent in different intensities of physical activity by step-defined activity levels are presented in Table 4 for the total sample. Within each step-defined activity level the amount of time spent in nonwear (as an indicator of the unmonitored day), sedentary behaviors, and low intensity predominates. The number of minutes of nonwear time and time spent being sedentary decreases across increasing step-defined activity levels, while the time spent in light, moderate and vigorous intensity activities increase across these same levels. Time spent in the low intensity increased over the first 3 levels then appears to be more stable over the higher 3 step-defined activity levels. Figure 2 displays a bubble graph which visually summarizes the sex-specific minutes/day spent in each activity-count defined intensity category (and nonwear time) organized according to steps/day-defined activity levels. The size of the bubble reflects the proportion of the day spent in that intensity. Again, the same patterns are evident by sex: a) minutes in low intensity represent the greatest proportion of daily minutes which decreases significantly with each steps/day-defined activity level; b) nonwear time is longest in the lowest steps/day defined activity levels (ie, at basal and limited activity) and shortens through to those who are highly active; c) minutes in light intensity increase significantly with each steps/day-defined activity level; d) minutes in moderate intensity increase with each steps/day-defined activity level; and e) minutes in vigorous intensity are very low (or nonexistent) in relation to all other intensity categories 
Discussion
The NHANES data present a unique opportunity to examine objectively monitored physical activity in a nationally representative sample. The 2005-2006 NHANES proffered accelerometer-determined step data for the first time, facilitating an opportunity to examine time spent in different intensities, cross-tabulated with steps taken. Although we can anticipate a high degree of correlation between parameters detected concurrently by the same instrument, describing the relationships between these related but distinct outputs can further understanding about how they parameters fit together to form a more detailed physical activity profile. Case in point, the relationship between the 2 volume indicators, steps/day and activity counts/day, was strong. Specifically, censored steps/day explained 87% of the variance in activity counts/day, clearly demonstrating that a simple count of the occurrence of movement has high explanatory power in terms of total physical activity. The relationship between activity counts/day and uncensored steps/day was somewhat less: R 2 = .79. Thus, the censoring manipulation that we applied further improved the relationship between activity counts/day and steps/day, confirming that "higher quality steps" (ie, those taken above an acceleration threshold consistent with >500 activity counts/minute) were most relevant in terms of capturing movement and its acceleration as detected by the ActiGraph.With regards to the time variables derived from the accelerometer data, linear models analysis of the continuous variables showed no discernable relationship between steps/day and time spent in low intensity, vigorous intensity, or wear time. The strongest relationships were observed between steps/day and time spent in light and moderate intensities; these are obviously the 2 primary intensity sources of ambulatory activity as detected by the accelerometer. It is also interesting to note that a relationship between steps/day and sedentary time existed, albeit not as strong, but in the expected direction (ie, as steps/day increased time in sedentary behaviors decreased). The stratified R 2 values assembled by sex, age group, and race/ethnicity in Table 3 confirm the consistency of these relationships. These overall findings suggest that steps/day can serve as a strong indicator of physical activity volume, and a reasonable indicator of time spent in sedentary behaviors, but especially of light and moderate intensity activities. This is an important finding for researchers who have been reluctant to adopt objective monitoring by accelerometer (eg, due to cost, a lack of technical expertise, and/or data management burden). These data demonstrate that pedometers (those of research quality) can be confidently substituted if indicators of volume (steps/day) and time in light and moderate activities are adequate for their research question.
In an earlier study with a small convenience sample (n = 52), Tudor-Locke et al 7 reported that approximately 697 daily minutes were spent in low, 118 minutes in light intensity, 41 minutes in moderate intensity, and 7 minutes in vigorous intensities. These can be compared with the total sample results in Table 2 . There were slight differences in how each of these intensity levels were defined in that earlier study compared with those used herein: 1) sedentary time was not represented at all in the earlier study and instead was included within the low intensity category at that time (defined as 0 to 499 activity counts/ minute); 2) light intensity was defined with an upper limit of 1951 vs. 2019 activity counts/minute used herein; 3) the moderate intensity was defined as 1952 to 5724 vs. 2020 to 5998 activity counts/minute herein; and 4) vigorous intensity was defined in that study as 5725+ vs. 5999+ activity counts/minute in the current study. Besides being a small convenience sample, the earlier study based its definitions on Freedson et al 15 cutpoints. Since that time the NHANES analyses 1 have adopted activity count criteria based on a weighted average of cutpoints produced by different calibration studies, and activity count cutpoints required to separate sedentary 
Note.
Values are mean; (95% CI).
Step-defined activity levels: 1) <2500 steps/day (basally active) ; 2) 2500-4999 steps/day (limited activity); 3) 5000-7499 steps/day (low active); 4) 7500-9999 steps/day (somewhat active); 5) 10,000-12,499 steps/day (active); and 6) ≥12,500 steps/day (highly active).
behaviors from low intensity activity have also been refined. 2 Despite the differences in exactly how the activity count data were arranged in groups however, the overall time in intensity categories are generally in agreement between the 2 analyses. Analyses of time in intensity data clustered by stepdefined activity levels supported the linear regression analysis for time spent in sedentary, light, and moderate intensities. However, although no linear relationships were observed in the analysis of steps/day and nonwear and low intensity time presented as continuous variables, there were discernable patterns when the data were stratified by step/defined activity levels. In a predictable fashion, mean time spent being sedentary decreases, and time spent in light, moderate and vigorous intensity activities increase across increasing step-defined activity levels, providing support for their generalized use. Editing the existing step-defined cutpoints to further separate the original sedentary level (ie, <5000 steps/day) into basal (<2500 steps/day) and limited (2500 to 4999 steps/day) activity was helpful in depicting sedentarism and intensity patterns in the lowest end of the physical activity continuum. Such indices allow us to monitor, compare, and track population physical activity trends, and on an individual level facilitate screening and behavior modification efforts. 6 These data support continued use of this step/defined stratification.
Although the absolute amount of time differed, the daily pattern (in terms of relative proportions as demonstrated by bubble sizes in Figure 2 ) of time spent in sedentary behaviors and increasing intensities of physical activity was remarkably consistent across step-defined activity levels. In all cases, the greatest proportion of time monitored was devoted to sedentary behaviors. Matthews et al 2 reported that participants in the 2003-2004 NHANES spent 54.4% of their accelerometer-monitored time, or 7.7 hours/day in sedentary behaviors; the comparable data herein are 56.8% and 8.0 hours. All participants engaged in at least some sedentary, low intensity, and even light intensity activities, but fewer engaged in any moderate intensity activity (n = 3710), and engagement in vigorous intensity was a rarer phenomenon (n = 1143). Troiano et al 1 previously reported that less than 5% of adults attain 30 minutes/day of moderate-vigorous physical activity (counting only 10 minute bouts). Herein we considered all minutes, regardless of how they were Figure 2 -Bubble graph of sex-specific time (minutes in a day) spent in activity count defined intensity categories (and nonwear time) organized according to steps/day defined activity levels: 1) <2500 steps/day (basally active) ; 2) 2500 to 4999 steps/day (limited activity); 3) 5000 to 7499 steps/day (low active); 4) 7500 to 9999 steps/day (somewhat active); 5) 10,000 to 12,499 steps/ day (active); and 6) ≥12,500 steps/day (highly active).
originally bundled, and still only 17% achieved at least 30 minutes/day of moderate-vigorous physical activity.
The strengths of using the NHANES accelerometer data are readily apparent and have been previously described. 1, 2 Briefly, NHANES is a large, nationally representative and publically available data resource that encompasses a broad range of health-related variables. Although it is cross-sectional in design (requiring the usual admissions of limits to causal inferences and generalizability), its adoption of objective physical activity monitoring is revolutionary and can foster important leaps in our conception of physical activity and sedentary behaviors and their interrelationships with each other and with other health parameters. In terms of other limitations, the number of days considered appropriate for physical activity estimates continues to be debated 16 and likely varies by research question and measurement approach. We followed the same strategy as previously used by Matthews et al 2 in their analysis of sedentary behavior within the 2003-2004 NHANES after having ruled out measurement bias. Again, we emphasize here that the "lost" monitored behaviors appear to be primarily of sedentary and low intensities. It is not unreasonable to conclude that those who wear the accelerometer for fewer days (and less time on those days) are selectively engaging in higher intensity activities on a covert basis. Finally, we censored the lowest intensity steps to bring the descriptive steps/ day data more in line with what is expected 17, 18 of research quality pedometers known to have a higher sensitivity threshold than the ActiGraph. 7, 9, 10 This procedure did not impact the time in intensity data in any way. However, since the step-defined activity levels are based on the output of research quality pedometers, 5, 6 it behooves us to attempt to interpret the NHANES step data in a similar manner. Therefore our presentation of the step-defined activity levels employing the censored steps is rational. That being said, we emphasize here that the censoring process should not be interpreted as a method or classifying "valid" or "invalid" steps; it is merely an analytic process undertaken to translate the accelerometer output in terms of current pedometer-determined scales. Further, although NHANES continues to use their inventory of the same ActiGraph 7164 model, it is no longer available from the manufacturer. An evaluation of its replacement (the GT1M model) using mechanical oscillations indicates that this next generation is actually less sensitive to lower force activities. 18 This implies that fewer low intensity steps would be detected, ultimately producing lower population estimates (perhaps more in line with existing pedometer scales). Unfortunately, the GT1M is now also obsolete, having been replaced by the GT3X. A backward comparison (between subsequent generations of the ActiGraph) of its measurement properties has not yet been evaluated.
Matthews et al 2 has previously commented that NHANES PAM wearing time is approximately 1.5 hours less than might be expected considering other national surveys. This suggests that PAM participants are removing the accelerometer well before they go to bed, and/or well after they rise. Unfortunately, the NHANES PAM collects no objective sleep data. Although PAM participants are instructed to "remove the device at bedtime," they do not log when exactly they go to sleep or when they wake up, so we were unable to directly remove recorded sleep time from nonwear time. The 2005-2006 NHANES asked a general sleep question among other health questions: "How much sleep do you usually get at night on weekdays or workdays?" Despite its obvious limitations (recalled generalized behavior), we attempted to use these data to adjust nonwear time for sleep time. We were not confident in the results however. A small number (n = 6) were missing reported sleep time, hours of reported sleep time ranged from 1 to 12 hours, and when we subtracted reported usual sleep time from objectively monitored nonwear time 237 (6.3%) individuals had negative values (mean 183 minutes; range -540 minutes to 703 minutes). We therefore decided that the prudent action was to report the unadjusted nonwear time while acknowledging this as a limitation.
In summary, 2005-2006 NHANES contains, for the first time, objectively monitored physical activity that includes minute-by-minute concurrently collected accelerometer-determined step and activity count data, presenting a unique opportunity to explore the interrelationships of these distinct physical activity variables. The relationship between accelerometer-determined censored steps/day and activity counts/day is strong (87% explanation of activity counts/day) and demonstrates that a simple volume indicator is sufficient to capture total physical activity volume. The relationship between censored steps/ day and time spent in sedentary behaviors is inverse and moderate (ie, explaining 25% of the variation in time in sedentary behaviors), suggesting that steps/day can serve as a modest estimate of such behaviors. However, the strongest relationships were observed between censored steps/day and time spent in light (69% explanation of time in light intensity) and moderate intensities (63% explanation of time in moderate intensity). Within each step-defined activity level the amount of time spent in sedentary and low intensity behaviors predominates. Time spent in light intensity and moderate intensity increase with each steps/day-defined activity level and minutes in vigorous intensity are very low (or nonexistent) in relation to all other intensity categories but still increase with each steps/day-defined activity level. Obviously vigorous intensity activities contribute to individual level steps/day, however, on a population basis the relationship is not discernable. These data support continued use of these step-defined activity level cutpoints for surveillance purposes.
